Lapatinib, a dual EGFR/HER2 kinase inhibitor, is approved for use in patients with trastuzumabrefractory HER2-overexpressing breast cancer. Increased PI3K signaling has been associated with resistance to trastuzumab, although its role in lapatinib resistance remains unclear. The purpose of the current study was to determine if PI3K/mTOR activity affects lapatinib sensitivity. Reduced sensitivity to lapatinib was associated with an inability of lapatinib to inhibit Akt and p70S6K phosphorylation. Transfection of constitutively active Akt reduced lapatinib sensitivity, while kinase-dead Akt increased sensitivity. Knockdown of 4EBP1 also increased lapatinib sensitivity, in contrast to p70S6K knockdown, which did not affect response to lapatinib. Pharmacologic inhibition of mTOR using rapamycin or ridaforolimus increased lapatinib sensitivity and reduced phospho-Akt levels in cells that showed poor response to single-agent lapatinib, including those transfected with hyperactive Akt. Finally, combination mTOR inhibition plus lapatinib resulted in synergistic inhibition of proliferation, reduced anchorage-independent growth, and reduced in vivo tumor growth of HER2-overexpressing breast cancer cells that have primary trastuzumab resistance. Our data suggest that PI3K/mTOR inhibition is critical for achieving optimal response to lapatinib. Collectively, these experiments support evaluation of lapatinib in combination with pharmacologic mTOR inhibition as a potential strategy for inhibiting growth of HER2-overexpressing breast cancers that show resistance to trastuzumab and poor response to lapatinib.
INTRODUCTION
The HER2 gene is amplified and overexpressed in approximately 25%-30% of metastatic breast cancers, and is associated with an aggressive clinical course resulting in reduced disease-free and overall survival compared with other breast cancer subtypes [1, 2] .
Trastuzumab (Herceptin) is a recombinant humanized monoclonal antibody directed against the HER2 extracellular domain. Initial clinical trials of single-agent trastuzumab demonstrated overall response rates ranging from 11% to 21% in patients with HER2-overexpressing metastatic breast cancer [3, 4] . Thus, almost two-thirds of patients demonstrated primary resistance to trastuzumab, although response rates were improved when combined with chemotherapy [5, 6] . The dual EGFR/HER2 tyrosine kinase inhibitor lapatinib (Tykerb) (Figure 1 ) is approved in combination with capecitabine for use against HER2-overexpressing breast cancers with prior disease progression on trastuzumab and as first-line therapy in combination with letrozole for hormone receptor-positive, HER2-positive metastatic breast cancer. Combination lapatinib plus chemotherapy achieved an overall response rate of 22% and clinical benefit rate of 27%, with median time to progression of 8.4 months [7] . As a single agent, lapatinib showed clinical benefit rates ranging from 12.4% to 25% in trastuzumab-pretreated populations [8, 9] . Thus, lapatinib shows benefit in a subset of trastuzumab-refractory breast cancers, although the majority of trastuzumab-resistant disease shows poor response to lapatinib.
Resistance to trastuzumab has been closely associated with increased PI3K signaling due to either loss of the PTEN phosphatase gene [10] or hyper-activating mutations in the PIK3CA catalytic subunit of PI3K [11] . Esteva et al [12] recently showed that phosphorylation of Akt or the mTOR substrate p70S6K were not independently associated with trastuzumab resistance, but when considered together, p-Akt, p-p70S6K, and loss of PTEN were strongly associated with poor response to trastuzumab. A genome-wide loss-of-function short hairpin RNA screen performed to identify mediators of lapatinib resistance showed that loss of PTEN or PIK3CA mutations also contributed to lapatinib resistance [13] . Further, treatment with a dual inhibitor of PI3K/mTOR inhibited colony formation and proliferation of lapatinib-resistant cells harboring genetic defects in PI3K signaling [13] . In contrast, O'Brien et al. [14] suggested that lapatinib resistance was not associated with loss of PTEN or PIK3CA mutations, and that lapatinib could block the hyperactive PI3K signaling associated with trastuzumab resistance. Wang et al. [15] examined 57 primary tumor samples from lapatinib-treated patients with HER2-overexpressing breast cancer heavily pretreated with chemotherapy and trastuzumab. Patients with loss of PTEN or hyperactivating mutations in PIK3CA had a significantly lower clinical benefit rate (36.4% versus 68.6%) and significantly lower overall response rate (9.1% versus 31.4%) in contrast to those patients whose tumors did not show PI3K pathway activation.
Blocking the PI3K pathway with mTOR inhibition has been demonstrated to be beneficial in trastuzumab-resistant cancers. Response rates of more than 40% and disease control rates of more than 70% were achieved in metastatic HER2-positive breast cancers resistant to trastuzumab and taxanes, when treated with trastuzumab, paclitaxel and everolimus [16] . The combination of trastuzumab, chemotherapy and everolimus has been demonstrated to be beneficial in patients with HER2-positive metastatic breast cancer, resistant to both trastuzumab and lapatinib. The use of mTOR inhibition, with everolimus, is currently being evaluated in a phase 3 trial of patients with metastatic HER2-positive breast cancers resistant to trastuzumab. Patients entering this trial can have received lapatinib. Therefore, there is a clear need to understand the role of PI3K signaling in HER2-positive breast cancers that are resistant to currently approved HER2-directed agents, including lapatinib.
Thus, although some studies suggest that PI3K pathway activation correlates with reduced response to lapatinib, controversy exists in the literature regarding the role of PI3K/mTOR in lapatinib sensitivity. We examined the ability of lapatinib to inhibit proliferation in multiple HER2-overexpressing breast cancer cell lines that have primary trastuzumab resistance. Lower response to lapatinib was associated with an inability of lapatinib to reduce p-Akt or p-p70S6K levels. Transfection of constitutively active Akt into lapatinib-sensitive cells abrogated response to lapatinib, while kinase-dead Akt improved lapatinib sensitivity, further suggesting that inhibition of Akt phosphorylation is critical to achieving response to lapatinib. In contrast, knockdown of p70S6K alone did not improve response to lapatinib. However, knockdown of 4EBP1 or pharmacologic mTOR inhibition increased lapatinib sensitivity. Inhibition of mTOR reduced p-Akt levels and increased response to lapatinib in cells that showed poor response to single-agent lapatinib, even those transfected with hyperactive Akt. Single agent mTOR inhibition was associated with feedback signaling activating Akt and Erk1/2, which was overcome by co-treatment with lapatinib. Combination mTOR inhibition plus lapatinib resulted in synergistic growth inhibition of HER2-overexpressing trastuzumab-resistant breast cancer cells and xenografts. Our data indicate that p-Akt is a critical downstream target of lapatinib, whose inhibition must be intact in order to achieve optimal response to lapatinib. In cases where lapatinib alone does not effectively block Akt or p70S6K phosphorylation, our data support strategies that combine lapatinib with mTOR inhibition in the context of primary trastuzumab-resistant HER2-overexpressing breast cancer.
MATERIALS AND METHODS

Materials
Lapatinib for in vitro studies was purchased from Santa Cruz, Biotech (Santa Cruz, CA), and dissolved in DMSO at a stock concentration of 10 mM. Lapatinib for in vivo studies was purchased from the Winship Cancer Institute pharmacy and dissolved in 1% Tween 80 at a stock concentration of 7.5 mg/mL. Rapamycin mTOR inhibitor (Sigma-Aldrich; St. Louis, MO) ( Figure 1 ) was supplied as a 2.74 mM solution in DMSO. MK-8669 (ridaforolimus, supplied by Merck through an MTA) ( Figure 1 ) was dissolved in DMSO at stock concentration of 10 mM for in vitro studies. For in vivo studies, MK-8669 was dissolved fresh daily in 10% Tween 80 and 40% PEG-400 in sterile water at stock 1 mg/mL as recommended by Merck. Trastuzumab was purchased from the Winship Cancer Institute pharmacy and dissolved in sterile water at a stock concentration of 20 mg/mL.
Cell culture
HCC1419 and HCC1954 cells were maintained in RPMI with 10% fetal bovine serum (FBS); MDA-MB-361 was maintained in RPMI with 20% FBS; JIMT-1, BT474, and MDA-MB-453 were maintained in DMEM with 10% FBS; all cells were maintained in 1% penicillin/streptomycin and cultured in humidified incubators at 37°C with 5% CO 2 . JIMT-1 cells were purchased from DSMZ, Germany; all other cell lines were purchased from American Type Culture Collection, Manassas, VA.
Cell proliferation assay
Cells were plated at 3000 per well in 96-well format, and treated with lapatinib and/or rapamycin or MK-8669 versus DMSO control corresponding to the volume found in the highest dose combination. For another experiment, cells were treated with 20 μg/mL trastuzumab versus untreated control. Six replicates were run per group. After 6 days of treatment, proliferation was measured by MTS assay as directed by the manufacturer (Promega; Madison, WI). Combination index (C.I.) values were determined using the commercial software package Calcusyn (Biosoft, Cambridge, United Kingdom) by the method of Chou and Talalay [17] . Experiments were repeated on at least two independent occasions to ensure reproducibility.
Anchorage-independent growth
Cells were plated at 15 × 10 5 in 6-well plate format in 1mL matrigel (BD Biosciences; Franklin Lakes, NJ) diluted 3:1 (media:matrigel). The matrigel-cell suspension was allowed to solidify for 2 hours at 37Co. Then 2 mL of media containing lapatinib, mTOR inhibitor (rapamycin or MK-8669), combination lapatinib plus mTOR inhibitor, or DMSO control at the same volume found in the drug combination group, was added to the matrigel-cell culture. Media plus drug was changed twice a week for approximately 3-4 weeks. Photographs were taken with an Olympus IX50 inverted microscope at 4X magnification. Matrigel was then digested using dispase (BD Biosciences), and viable cells were counted by trypan blue exclusion. Experiments were repeated on at least two independent occasions to ensure reproducibility.
Transfection
Cells were plated in antibiotic-free media. The next day, cells were transfected using Lipofectamine 2000 (Invitrogen; Carlsbad, CA) with 1μg of one of the following plasmids: dominant negative kinase dead Akt1 mutant (pcDNA3-Akt1-K179A), constitutively active Akt1 mutant (pcDNA3-Akt1-T308D/S473D), or pcDNA3 empty vector control (plasmids generously provided by Dr. Keqiang Ye, Emory). After 24h, protein lysates were Western blotted for p-Akt to confirm transfection, or cells were treated with vehicle control (DMSO), lapatinib, rapamycin, or combination rapamycin plus lapatinib for an additional 72h, at which point cells were counted by trypan blue exclusion. In an independent set of experiments, 100 nM p70/85 S6 Kinase siRNA II (Cell Signaling), 4EBP1 siRNA (Cell Signaling) or control siRNA (Santa Cruz Biotech) were transfected using Lipofectamine. After 24 h, cells were treated with vehicle control or lapatinib for an additional 72h, at which point cells were counted by trypan blue exclusion. Knockdown was confirmed after 48 hours of transfection by Western blotting. Experiments were repeated three times to confirm reproducibility.
Western blotting
Cells were lysed in RIPA buffer (consists of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na 3 VO 4 , 1 μg/ml leupeptin; Cell Signaling; Danvers, MA) supplemented with protease and phosphatase inhibitors (SigmaAldrich). Total protein extracts (30 μg) were run on SDS-PAGE and blotted onto nitrocellulose. Blots were probed overnight using the following antibodies: from Cell Signaling, p-S473 Akt-XP used at 1:1000, phospho-Thr389 p70S6K clone 1A5 at 1:750; and polyclonal antibodies against total Akt (1:1000), p-Thr202/Tyr204 p42/p44 Erk1/2 (1:1000), total p42/p44 Erk1/2 (1:1000), total p70S6K (1:1000); β-actin monoclonal AC-15 (Sigma-Aldrich) at 1:10,000. Protein bands were detected using the Odyssey Imaging System (Li-Cor Biosciences; Lincoln, NE). Experiments were repeated on at least two independent occasions to ensure reproducibility.
Xenograft studies
Flank xenografts were established in 8-10 week female athymic nu/nu mice (Harlan) by s.c. injection with 1 × 10 6 JIMT-1 cells and 50% Matrigel (BD Biosciences). Tumor volumes were calculated as the product of the length, width and height of the tumor measured twice a week with a caliper. Animals were administered lapatinib by oral gavage at a dose of 75 mg/ kg, and MK-8669 by i.p. injection at a dose of 1 mg/kg. Control mice received vehicle diluent (10% Tween 80, 40% PEG-400 in sterile water). All treatments were done daily for 5 days, then off for 2 days, for a total of 17 days. Animals were euthanized by CO 2 inhalation in accordance with institutional IACUC regulations.
RESULTS
Analysis of lapatinib response in HER2-overexpressing breast cancer cell lines with primary resistance to trastuzumab
The HER2-overexpressing breast cancer cell lines SKBR3, BT474, HCC1419, HCC1954, MDA453, MDA361, and JIMT-1 were examined for sensitivity to trastuzumab by MTS proliferation assay (Figure 2A) . A clinically relevant concentration of trastuzumab (20 μg/ mL) inhibited proliferation of SKBR3 and BT474 cells. HCC1419 cells showed slightly lower although statistically significant inhibition of proliferation in response to trastuzumab. HCC1954, MDA453, MDA361, and JIMT-1 cells showed primary resistance to trastuzumab. Lapatinib (0.1 μM) inhibited proliferation of HCC1419 cells by 50-60%, but inhibited the remaining four primary trastuzumab-resistant cell lines by only 10-20% ( Figure 2B ). Thus, 4 out of 5 lines (approximately 80%) of cells with trastuzumab resistance also showed poor response to lapatinib, which mimics clinical response rates to lapatinib in trastuzumab-pretreated patients [7] [8] [9] . To confirm HER2 over-expression in lines used in this study, Western blotting for total HER2 was performed relative to the MCF-7 cell line ( Figure 2C ). In addition to measuring differential response to lapatinib by proliferation assay, Western blotting for p-Akt and p-p70S6K was performed. Lapatinib blocked phosphorylation of Akt and p70S6K in lapatinib-sensitive BT474 and HCC1419 cells, but not in JIMT-1 or HCC1954 cells ( Figure 2D ). These results suggest that inhibition of PI3K and mTOR may be important for achieving inhibition of proliferation in response to lapatinib.
Constitutively active Akt reduces lapatinib sensitivity, while kinase dead Akt improves lapatinib sensitivity
Based on this initial data ( Figure 2) showing that lapatinib sensitivity correlates with reduced p-Akt in BT474 and HCC1419 cells in contrast to JIMT-1 and HCC1954 cells, we hypothesized that Akt inhibition is important for achieving response to lapatinib. To test this hypothesis, HCC1419 cells, which are relatively sensitive to lapatinib, were transfected with constitutively active Akt double mutant T308D/S473D. Alternatively, JIMT-1 cells, which showed relatively low response to single-agent lapatinib, were transfected with dominantnegative kinase-dead Akt mutant K179A. Transfection was confirmed by blotting for p-Akt and total Akt ( Figure 3A) . In comparison to control transfectants, HCC1419 cells transfected with constitutively active Akt showed significantly reduced sensitivity to lapatinib (p=0.006) ( Figure 3B ). Sensitivity to the mTOR inhibitor rapamycin was also reduced in the presence of constitutively active Akt, although this effect did not reach statistical significance (p=0.08). In the presence of hyperactive Akt, combination mTOR inhibition plus lapatinib resulted in a significant reduction in cell viability versus either drug alone (p=0.01). These results suggest that combination lapatinib plus rapamycin may be an effective therapeutic strategy in tumors that show elevated PI3K signaling and low response to single-agent lapatinib. In a background of kinase dead Akt, JIMT-1 cells showed a statistically significant increase in lapatinib sensitivity (p=0.03) ( Figure 3C ). In contrast, sensitivity to rapamycin was not significantly affected. The combination of lapatinib plus rapamycin showed a trend towards reduced cell viability versus single-agent lapatinib, although this did not reach statistical significance (p=0.06). However, JIMT-1 cells did retain sensitivity to this drug combination in the presence of kinase dead Akt. Collectively, these results suggest that Akt activation status affects lapatinib sensitivity. Hyperactive Akt signaling significantly reduced response to lapatinib in HCC1419 cells, whereas kinase dead Akt significantly improved response to lapatinib in JIMT-1 cells. In addition, pharmacologic inhibition of mTOR significantly increased response to lapatinib in HCC1419 cells transfected with constitutively active Akt. Thus, this combination may be effective in HER2-overexpressing breast cancers that show poor response to lapatinib and high baseline Akt activity.
Knockdown of 4EBP1 but not p70S6K improves lapatinib sensitivity
Inhibition of p70S6K phosphorylation correlated with the anti-proliferative activity of lapatinib ( Figure 2 ). In addition, mTOR inhibition by rapamycin increased lapatinib activity in JIMT-1 cells (Figure 3) . Thus, we hypothesized that p70S6K inhibition is critical for achieving response to lapatinib. We transfected lapatinib-resistant JIMT-1 cells with p70S6K siRNA, and confirmed knockdown by Western blot ( Figure 4A) . Surprisingly, knockdown of p70S6K alone was not sufficient to increase the growth inhibitory activity of lapatinib ( Figure 4B ), suggesting that additional signaling molecules regulated by mTOR must be inhibited in order to achieve optimal response to lapatinib. Knockdown of 4EBP1 confirmed by Western blotting ( Figure 4C ) significantly increased the sensitivity of JIMT1 cells to lapatinib ( Figure 4D ). Thus, mTOR inhibition, particularly 4EBP1 inhibition, increases lapatinib-mediated cytotoxicity.
Rapamycin increases lapatinib sensitivity in HER2-overexpressing breast cancer cells that have primary trastuzumab resistance
Pharmacologic mTOR inhibitors appear to improve response to trastuzumab [16, 18] . Our data indicates that pharmacologic inhibition of mTOR may also improve response to lapatinib in cells with primary trastuzumab resistance. We performed drug combination analysis to determine whether true synergy is achieved by addition of rapamycin to lapatinib. Treatment of JIMT-1 and MDA361 cells with rapamycin plus lapatinib resulted in significantly reduced proliferation versus either drug alone ( Figure 5A ). Using the method of Chou and Talalay [17] (CalcuSyn; Biosoft), we analyzed data to determine if these drugs act synergistically (Table 1) Next, anchorage-independent (AI) colony growth of JIMT-1 and MDA361 cells was examined. Drug combination inhibited AI growth more significantly than either drug alone ( Figure 5B ). In addition, a stronger response to single-agent lapatinib was observed under anchorage-independent conditions, which may be due to differences in 3-dimensional cultures versus adherent cultures or may be due to longer-term treatment (3-4 weeks) versus short-term treatment (6 days) in MTS assays. Western blot analysis showed that combination drug treatment inhibited Akt S473 phosphorylation in JIMT-1, whereas neither drug was able to do so when given as a single agent ( Figure 5C ). In MDA361 cells, the combination inhibited Akt phosphorylation to a similar degree as individual lapatinib. Treatment with single-agent rapamycin resulted in feedback signaling, as shown by increased phosphorylation of Akt and Erk1/2 in MDA361 cells. Activation of PI3K and MAPK signaling in response to rapamycin has been previously reported [19] [20] [21] , and is thought to be a mechanism driving resistance to pharmacologic mTOR inhibition. Importantly, co-treatment with lapatinib was able to overcome rapamycin-induced feedback signaling, as we previously observed [21] . Phosphorylation of the mTOR substrate p70S6K remained largely unaffected by the combination of rapamycin and lapatinib in MDA361 cells. However the combination achieved increased inhibition of p-p70S6K in JIMT-1 cells versus single agents. Thus, our data indicate that mTOR inhibition increases lapatinib sensitivity in association with reduced Akt and possibly reduced p70S6K phosphorylation.
Pharmacologic mTOR inhibitor MK-8669 increases lapatinib sensitivity of HER2-overexpressing breast cancer cells
The novel rapamycin analogue, MK-8669 (AP23573, ridaforolimus; provided by Merck), has shown promising tumor inhibitory effects in early phase clinical trials [22, 23] . We combined MK-8669 with lapatinib in MDA361 and JIMT-1 HER2-overexpressing breast cancer cells. The combination achieved statistically significant improvements in inhibition of proliferation versus either drug alone ( Figure 6A ). Drug combination index values (Table  2) showed synergy between lapatinib and MK-8669 in both MDA361 and JIMT-1 cells. Furthermore, combined lapatinib plus MK-8669 dramatically reduced anchorageindependent growth of MDA361 and JIMT-1 cells ( Figure 6B) . Similar to what was observed with combination lapatinib plus rapamycin, the combination of MK-8669 and lapatinib inhibited phosphorylation of Akt in JIMT-1 cells without effect on p70S6K phosphorylation ( Figure 6C ). In contrast, although no change in p-Akt level was detected in MDA361 cells, treatment with the drug combination reduced phosphorylation of the p70 isoform p85 S6K with slight inhibition of p70 phosphorylation. Thus, synergistic growth inhibitory effects of combination MK-8669 plus lapatinib were associated with inhibition of PI3K-Akt-mTOR signaling. Finally, we determined if the combination of MK-8669 and lapatinib was synergistic in vivo by treating xenografts of primary trastuzumab-resistant JIMT-1 cells with each drug alone or with the drug combination ( Figure 6D ). Treatment with single-agent lapatinib or MK-8669 resulted in reduced tumor growth versus control. When administered in combination, however, lapatinib plus MK-8669 achieved statistically significant inhibition of tumor growth versus either drug alone. Thus, our data support the clinical evaluation of lapatinib in combination with pharmacologic mTOR inhibitors as a potential strategy for inhibiting growth of HER2-overexpressing breast cancers that show resistance to trastuzumab and poor response to single agent lapatinib.
DISCUSSION
Our data indicated that inhibition of Akt is essential in order to achieve optimal response to lapatinib, with hyperactivation of Akt abrogating lapatinib sensitivity. Co-treatment with an mTOR inhibitor significantly improved response to lapatinib, as measured by reduced proliferation, anchorage-independent growth, and in vivo tumor growth. Although many HER2-overexpressing breast cancers are initially sensitive to trastuzumab, many recur and all metastatic cancers eventually develop resistance. Lapatinib has been approved for use in trastuzumab-refractory breast cancers, although response rates to single agent lapatinib are low. Our findings suggest that pharmacologic inhibition of mTOR should be tested in combination with lapatinib in HER2-overexpressing breast cancers exhibiting resistance to trastuzumab. Further, our results suggest that p-Akt levels may be measured as a marker of response in patients whose cancers are treated with lapatinib.
Resistance to trastuzumab has been strongly associated with increased PI3K signaling [10] [11] [12] ; however, conflicting data exists regarding the relationship between resistance to lapatinib and Akt activity. Eichhorn et al. [13] showed that PTEN loss or dominant activating PIK3CA mutations (E545K and H1047R) reduced lapatinib sensitivity in vitro and in vivo. In contrast, data presented by O'Brien et al. [14] suggested that there is not any association between increased PI3K signaling and response to lapatinib. Our data indicated that HCC1954, JIMT-1, MDA361, and MDA453 cells, all of which possess activating PIK3CA mutations and primary resistance to trastuzumab, also exhibit reduced sensitivity to lapatinib. In contrast, HCC1419 cells, which express wild-type PIK3CA, showed higher response to lapatinib. Thus, hyperactive PI3K signaling due to activating mutations in PIK3CA appeared to reduce lapatinib sensitivity (although cells were not fully resistant). These data are consistent with that of O'Brien et al. [14] , in that cells with activating PIK3CA mutations are not completely resistant to lapatinib, although our results indicate that these cells do show reduced sensitivity to lapatinib and resistance to trastuzumab. Reduced sensitivity to lapatinib was associated with an inability to block phosphorylation of Akt and p70S6K. In addition, overexpression of constitutively active Akt reduced response to lapatinib, while kinase-dead Akt improved sensitivity to lapatinib. Thus, our data support a direct association between Akt activity, the ability to inhibit p-Akt levels, and sensitivity to lapatinib. In contrast, although inhibition of p70S6K phosphorylation correlated with lapatinib sensitivity, knockdown of p70S6K alone was not sufficient to improve response to lapatinib. P70S6K is one downstream target of mTOR. Since inhibition of mTOR was sufficient to improve lapatinib sensitivity, our data suggest that other downstream effectors of mTOR must be inhibited in order to achieve optimal response to lapatinib. Indeed, knockdown of the mTOR substrate 4EBP1 resulted in a statistically significant improvement in the response to lapatinib. Thus, mTOR inhibition, and in particular, reduced expression and function of 4EBP1, is likely to achieve optimal response to lapatinib. PI3K/Akt signaling controls expression of multiple cell cycle and apoptotic regulators. Sensitivity to lapatinib has been associated with modified expression of many of these proteins, consistent with the concept that PI3K inhibition is required for optimal response to lapatinib. Reduced expression of FOX03a transcription factor downstream of PI3K inhibition has been reported in lapatinib-sensitive cells, leading to increased p27 and estrogen receptor transcription [24] [25] [26] . Inhibition of PI3K-survivin and MEK-Erk-Bim signaling has also been associated with lapatinib-mediated apoptosis [27, 28] . In addition to inhibiting kinase activities of EGFR and HER2, lapatinib has been shown to block nuclear translocation of these receptors [29] . Nuclear HER2 acts as a transcription factor, inducing expression of cell cycle regulators such as thymidylate synthase, which is required for DNA synthesis. Lapatinib suppresses DNA replication in part by blocking TS transcription due to inhibition of HER2 translocation to the nucleus [29] . Thus, inhibition of multiple PI3K-dependent cell cycle and apoptotic pathways appears to be required for lapatinib sensitivity. In addition, PI3K-independent mechanisms such as inhibition of HER2 nuclear localization may contribute to achieving complete response to lapatinib.
Survival outcomes for patients with HER2-overexpressing breast cancer have dramatically improved with the introduction of trastuzumab. Despite its efficacy, however, a subset of tumors show primary resistance and many may develop acquired resistance. Additional HER2-targeted agents, such as the dual EGFR/HER2 kinase inhibitor lapatinib, have shown promise clinically. However, many trastuzumab-pretreated cancers fail to respond to lapatinib therapy, and all eventually develop resistance. While these cancers are initially addicted to HER2 signaling, it remains possible that cancers that fail trastuzumab and/or lapatinib therapy have become addicted to additional signaling pathways, such as the PI3K/ Akt-mTOR pathway, consistent with the concept of "oncogenic switch" [30, 31] . Our current data and recent clinical trials [16, 32] support inhibition of mTOR as a potentially effective strategy for treating breast cancers that are resistant to trastuzumab, suggesting some level of dependence of these cancers on this molecular pathway. Single-agent rapamycin has been shown to induce feedback signaling via increased PI3K and/or MAPK signaling [19] [20] [21] . However, this compensatory feedback signaling activated by rapamycin appears to be overcome by co-treatment with lapatinib. Collectively, the experiments support further study of combination lapatinib plus mTOR inhibition as a treatment approach in HER2-overexpressing breast cancers that show poor response to trastuzumab or lapatinib.
Akt phosphorylation can be activated by multiple upstream molecular alterations, including HER2 overexpression; thus, PI3K-Akt inhibition has been explored as a strategy for improving outcome of HER2-amplified breast cancers. Preclinical work has shown that PI3K inhibitors improve response to trastuzumab in trastuzumab-resistant breast cancer cells [33, 34] . Clinically, PI3K inhibitors were slower to evolve as targeted therapies in breast cancer due to selectivity issues; however, inhibitors of downstream mTOR have shown great promise in the context of refractory HER2-overexpressing breast cancer. Phase II trial of the mTOR inhibitor ridaforolimus plus trastuzumab in patients with HER2-positive trastuzumab-refractory metastatic breast cancer showed early evidence of anti-cancer activity with 2 partial responses reported out of 22 patients enrolled [23] . Our results support additional trial of ridaforolimus plus lapatinib in trastuzumab-refractory disease. Phase 1 and 2 trials combining the mTOR inhibitor, everolimus, with trastuzumab with or without chemotherapy in patients with trastuzumab-resistant HER2-positive metastatic breast cancer showed encouraging results [16, 32, 36] . A retrospective analysis of two phase 1 trials was performed to determine the safety and efficacy of everolimus in combination with trastuzumab-based chemotherapy in patients who had received prior treatment with both trastuzumab and lapatinib [36, 37] . The overall response rate (ORR) was higher in patients who had not received lapatinib (31%), compared to those who had received lapatinib (18%). Time to progression (TTP) was shorter in patients who had received lapatinib (29 weeks) compared to those who did not receive lapatinib (41 weeks). These findings may be a reflection of heavier pretreatment in the lapatinib group. Despite the reduced ORR and TTP, the clinical benefit was approximately equal in both groups: 89% in the lapatinib pre-treated group and 84% in the lapatinib-free group. These results are important, as they suggest that patients who have progressed on both trastuzumab and lapatinib in the metastatic setting may derive clinical benefit from combination trastuzumab plus mTOR inhibitor. These results are being confirmed in ongoing phase 3 trials in first-line and trastuzumab-resistant settings. In summary, our results strongly support future clinical trials of combination lapatinib plus mTOR inhibitor in the context of metastatic breast cancers that show resistance to trastuzumab and poor sensitivity to single-agent lapatinib. Given the results presented here and the encouraging results of recent trials [37, 38] , future studies should also examine combination treatments of trastuzumab, lapatinib, and mTOR inhibitor as first-line therapy in HER2-overexpressing breast cancers that are resistant to available HER2-targeted agents.
CONCLUSION
In conclusion, we show that inhibition of Akt and p70S6K phosphorylation correlates with anti-proliferative activity of lapatinib. Further, kinase dead Akt, 4EBP1 knockdown, and mTOR inhibition increased lapatinib sensitivity, although p70S6K knockdown alone did not improve response to lapatinib (Figure 7 ). Our data suggest that PI3K/mTOR inhibition is critical for achieving optimal response to lapatinib. Collectively, these experiments support further study of combination lapatinib plus mTOR inhibition as a treatment approach in HER2-overexpressing breast cancers that show poor response to trastuzumab and lapatinib. (A) JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or p70S6K siRNA (sip70) for 48 h. Total protein lysates were immunoblotted for total p70S6K and actin loading control to confirm knockdown. (B) JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or p70S6K siRNA (si-p70) for 24 h, and then treated with DMSO control or 1 μM lapatinib (lap). After 72 h, viable cells were counted by trypan blue exclusion. Viability is presented as a percentage of DMSO-treated si-C group, and reflects the average of 3 replicates per treatment group. Error bars represent standard deviation between replicates. Pvalues were determined by t-test for p70 knockdown plus lapatinib versus si-C plus lapatinib. Experiments were repeated three times with reproducible results. (C) JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or 4EBP1 siRNA (si-BP1) for 48 h. Total protein lysates were immunoblotted for total 4EBP1 and actin loading control to confirm knockdown. (D) JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or 4EBP1 siRNA (si-4EBP1) for 24 h, and then treated with DMSO control or 1 μM lapatinib (lap). After 72 h, viable cells were counted by trypan blue exclusion. Viability is presented as a percentage of DMSO-treated si-C group, and reflects the average of 3 replicates per treatment group. Error bars represent standard deviation between replicates. P-values were determined by t-test for 4EBP1 knockdown plus lapatinib versus si-C plus lapatinib. Experiments were repeated three times with reproducible results. JIMT-1 and MDA361 cells were plated in matrigel and treated with DMSO, 10 nM rapamycin (rapa), 1 μM lapatinib (Lp), or a combination of 10 nM rapamycin plus 1 μM lapatinib. Media plus drugs were changed every 3 days for approximately 3-4 weeks. Matrigel was dissolved with dispase, and viable cells were counted by trypan blue. Viability is shown as a percentage of the DMSO control group, and reflects an average of 3 replicates per treatment group. Error bars represent standard deviation between replicates. P-value was determined by t-test for combination treatment versus lapatinib alone; *p<0.05, **p<0.005. (C) MDA361 and JIMT-1 cells were treated with DMSO (C), 10 μM lapatinib (L), 100 nM rapamycin (R), or a combination of 100 nM rapamycin plus 10 μM lapatinib (LR) for 48 h, lysed for total protein, and immunoblotted for p-S473 Akt, total Akt, p-T389 p70S6K, total p70S6K, p-T202/Y204 Erk1/2, or total Erk1/2. Lapatinib, a dual EGFR/HER2 kinase inhibitor, inhibits cell proliferation and survival in part by blocking PI3K/Akt/mTOR signaling. Based on our data, we propose that lapatinib is unable to block proliferation when PI3K/mTOR is not inhibited. Genetic or pharmacologic strategies that improved sensitivity to lapatinib (marked with an asterisk) included expression of dominant negative kinase-dead Akt, knockdown of 4EBP1, and mTOR inhibition by rapamycin or MK-8669. In contrast, knockdown of p70S6K alone did not increase the anti-proliferative activity of lapatinib. Table 1 Combination Index (C.I.) values for lapatinib + rapamycin (1:10) Cells were treated with lapatinib (0.1, 1, or 10 μM), rapamycin (1, 10, or 100 nM), or combination lapatinib plus rapamycin. After 6 days, proliferation was measured by MTS assay. The fraction of cells proliferating relative to DMSO control-treated cells was determined, and C.I. values were determined for the combination using CalcuSyn software. C.I. values are listed for effective doses at which 50%, 75%, or 90% (ED50, ED75, and ED90, respectively) of cells were killed. Statistically, drug synergy is defined by C.I. values less than 1.0, and very strong synergy is defined by C.I. values less than 0.1. D m , the median-effect (ED50) drug concentration; m < 1 indicates a negative sigmoidal shape to the dose-effect curve; r states the linear correlation coefficient.
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Table 2
Combination Index (C. 
